Cytokinin response factor 6 (CRF6) is an Arabidopsis AP2/ ERF transcription factor which is transcriptionally induced by cytokinin. Cytokinin is known to delay leaf senescence in wild-type (WT) plants, for example in dark-incubated detached leaves. This response is mediated by the cytokinin receptor Arabidopsis histidine kinase receptor 3 (AHK3). Similar to ahk3 mutants, crf6 leaves show decreased sensitivity to this cytokinin effect. Leaves overexpressing CRF6 retain more Chl than those of the WT under these conditions without exogenous cytokinin. It therefore appears that an increase in expression of CRF6 downstream of the perception of cytokinin by AHK3 is involved in the delay of leaf senescence. Intact crf6 plants also begin to undergo monocarpic senescence sooner than WT plants. Interestingly, plants overexpressing CRF6 display a more extreme acceleration of development than crf6 mutants, suggesting that a specific expression level or localization of CRF6 is necessary to prevent premature senescence. Expression analyses indicate that CRF6 is highly expressed in the veins of mature leaves and that this expression decreases with age. CRF6 expression is shown to be induced by abiotic stress, in addition to increased cytokinin. Together, these findings suggest that CRF6 functions to regulate developmental senescence negatively and may have a similar role in response to stress. CRF6 may therefore be involved in fine-tuning the timing of developmental and stress-induced senescence. CRF6 functioning in negative regulation of senescence is significant in that it is the first process known to be regulated by cytokinin, in which a CRF can be placed specifically downstream of the cytokinin signaling pathway.
Introduction
Leaves are the primary sites of photosynthesis in nearly all higher plants, exporting energy captured from sunlight in the form of carbohydrates to other heterotrophic organs and tissues of the plant. Photosynthetic efficiency begins to decrease at around the time a leaf is fully expanded and continues to decline with age. When the first emerging and therefore oldest leaves of a plant are unable to meet the demand for photosynthate, their senescence provides a means to recycle the valuable nutrient resources within for production of and use by new leaves (Noodâen and Leopold 1988 , Singh et al. 1992 , Quirino et al. 2000 , Lim et al. 2007 . Developmental leaf senescence is a process which allows nutrients along with carbohydrates to be released through catabolism of macromolecules for subsequent remobilization to other tissues in the plant Amasino 2001, Hortensteiner and Feller 2002) . In annual and other monocarpic species, the recipient tissues of these remobilized resources are often associated with reproductive growth and development (Noodâen and Leopold 1988 , Zimmermann and Zentgraf 2005 , Lim et al. 2007 ). In such cases, leaf senescence is referred to as monocarpic senescence (Noodâen and Leopold 1988, Buchanan-Wollaston et al. 2005) . The distinct process of sequential leaf senescence is also developmentally triggered; however, it may not be directly linked to reproductive development (Noodâen and Leopold 1988 , Singh et al. 1992 , Quirino et al. 2000 , Lim et al. 2007 .
In contrast to leaf senescence that occurs as part of a developmental program, premature senescence can also be induced by external environmental factors or stresses, of which major sources include osmotic or salt stress, extreme temperatures, shading, herbivory or pathogenesis (Thomas and Stoddart 1980, Noodâen and Leopold 1988) . In such cases, the senescence of an individually affected leaf provides a means of minimizing the loss of nutrient resources to the whole organism, whereas senescence in response to overall plant stress can provide energy and nutrients for accelerated reproduction. In both instances, some energy and biomass are sacrificed. Transient stress can also result in losses that could be unnecessarily detrimental to the plant, particularly during early stages of development, if not well regulated. It stands to reason, therefore, that the senescence response to environmental cues is regulated in a complex manner, allowing for fine-tuning based on the integration of multiple signals (Weaver et al. 1998 , Ono et al. 2001 , Chen et al. 2002 , Breeze et al. 2011 . Interestingly genome-level studies have shown that global changes in expression patterns associated with induced senescence only partially overlap with those that occur during developmental senescence and imply that there are distinct regulatory networks involved for each process (Park et al. 1998 , Buchanan-Wollaston et al. 2005 .
Phytohormones have been shown to play important roles in these regulatory networks. ABA in particular is known to act as a positive regulator of this process (Gepstein and Thimann 1980 , Zeevaart and Creelman 1988 , Weaver et al. 1998 . Ethylene (Abeles et al. 1988 , Jing et al. 2005 , van der Graaff et al. 2006 , jasmonic acid (Ueda and Kato 1980 , He et al. 2002 , Kong et al. 2006 ) and salicylic acid (Morris et al. 2000 , Rao et al. 2002 have also been shown to induce senescence. In contrast, cytokinin has long been known to function in delaying senescence, particularly in leaves, a role often described as antagonistic to the promotion of senescence by other hormones or signals (Gan and Amasino 1996 , Peleg and Blumwald 2011 , Wilkinson et al. 2012 .
The senescence-delaying effect of cytokinin has been shown to be dependent upon the canonical two-component cytokinin signaling pathway (TCS) in Arabidopsis. In particular, perception of cytokinin by the receptor kinase AHK3 (Arabidopsis histidine kinase receptor 3) and subsequent phosphorylation of the downstream type-B response regulator ARR2 (Arabidopsis response regulator 2) is required for increased leaf longevity in Arabidopsis (Kim et al. 2006) . Further downstream targets in this pathway are unknown, and direct transcriptional regulation of senescence-related ARR2 targets has not been shown. It is also unclear to what extent this pathway is involved in developmental vs. stress-induced senescence.
Some members of another group of transcription factors, the cytokinin response factors or CRFs, have been shown to be transcriptionally regulated by cytokinin and are capable of physical interactions with components of the TCS via a group-specific CRF domain (Rashotte et al. 2006 , Cutcliffe et al. 2011 . In this study, phenotypic analysis of mutant and overexpressing plants suggests that a particular member of this group, CRF6, may act downstream of the TCS pathway in negatively regulating leaf senescence. Expression analyses indicate that the in planta function of CRF6 may be in the regulation of stress-induced rather than developmental senescence. A proposed model is presented in which endogenous developmental cues and environmental factors influence the expression of CRF6, thereby integrating multiple inputs into the fine-tuning of stress-induced senescence.
Results
CRF6 is involved in the delay of dark-induced leaf senescence by cytokinin CRF6 has been shown to be transcriptionally regulated by cytokinin as well as to interact physically at the protein level with several downstream members of the TCS (Rashotte et al. 2006 , Cutcliffe et al. 2011 . These connections to cytokinin as well as the leaf vascular/phloem-localized expression pattern of this transcription factor implicated it in regulating sink/sourcerelated processes such as senescence (Zwack et al. 2012) . Quantitative reverse transcription-PCR (qPCR) was used to determine if the cytokinin induction of CRF6 is dependent on the primary cytokinin receptors expressed in leaves (AHK2 and 3) by examining CRF6 transcript levels with and without cytokinin in ahk2 and ahk3 single mutant, and the ahk2,ahk3 double mutant backgrounds relative to the wild type (WT). While both of these cytokinin receptors in Arabidopsis regulate leaf-based cytokinin processes, it is AHK3 which mediates the delay of senescence. The ahk2,ahk3 double mutant was included in the analysis as the two receptors operate redundantly in many processes (Ueguchi et al. 2001) .
After 6 h of treatment with cytokinin, a time period we have found to optimize the induction of CRF6 expression, transcripts had increased about 4-fold (3.96) in the leaves of WT plants (Fig. 1A) . The level of induction was decreased to around 2-fold (2.35) in ahk2 mutants; however, this was not found to be significantly different from the WT (P = 0.052). In the ahk3 background, CRF6 was induced to only 1.56-fold by cytokinin, which was found to be significantly less than the WT (P < 0.01) and ahk2 (P = 0.045). No induction was found in the double mutant background (fold change = 0.86, P < 0.01). The induction levels observed in the ahk3 single and ahk2,ahk3 double mutants were not significantly different (P = 0.29). Together the data suggest that the transcriptional induction of CRF6 in leaves is mediated primarily by AHK3 but that AHK2 may be involved to a limited degree or be capable of minimal compensation for the loss of AHK3 with respect to the induction of CRF6. Numerous cytokinin-induced genes are likely to act downstream of AHK3; alone, this finding does not necessarily imply a functional role in any particular process.
To determine whether CRF6 could be functionally linked to senescence regulation, possibly downstream of AHK3, the crf6 knock-out mutant was assayed for altered sensitivity to cytokinin during dark-induced senescence. During a 6 d dark incubation in the presence of cytokinin, detached WT leaves retained 100% of total Chl (initial = 121 ± 2, final +CK = 121 ± 5 nmol total Chl mg -1 starting FW). Under the same conditions, leaves from crf6 plants retained only 76% of initial Chl (initial = 125 ± 6, final +CK = 95 ± 12 nmol mg -1 FW). Both WT and mutant leaves retained a greater amount of Chl in the presence of cytokinin (above) than with water alone [WT final -CK = 59 ± 4 (49%), crf6 final -CK = 42 ± 9 (34%) nmol mg -1 FW]. As these findings suggested that CRF6 does have a role in the regulation of leaf senescence, we decided to analyze leaves overexpressing CRF6 to determine whether increased expression of CRF6 without application of exogenous cytokinin was sufficient to delay senescence. After dark incubation in the absence of exogenous cytokinin, the leaves of plants constitutively expressing CRF6 (6ox 1 and 6ox 3 ) ( Supplementary Fig. S1 ) had retained a greater amount of Chl [6ox 1 final -CK = 80 ± 7 (60%), 6ox 3 final -CK = 77 ± 7 (62%) nmol mg -1 FW] than the WT (Fig. 1B) . Although greater, this increased level of Chl retention was not to the extent observed in the WT treated with cytokinin (100%). This partial compensation for the lack of exogenous cytokinin by increased CRF6 levels was taken as further support for CRF6 as a key downstream component of the AHK3-mediated senescence-delaying pathway.
To determine whether the CRF6 promoter is differentially regulated during this assay in response to cytokinin, promoter::reporter transgenic lines were examined. Leaves from three independent proCRF6::GUS (b-glucuronidase) lines were subjected to the conditions from the assay above and expression of the transgene was monitored. After 2 d, leaves which had been incubated with cytokinin clearly showed greater GUS activity than those incubated without cytokinin (Fig. 1C) . The activation of the CRF6 promoter by cytokinin specifically under the conditions of this assay is in agreement with the altered responses seen in the mutant and overexpression lines.
Altered expression of CRF6 causes accelerated vegetative growth and development
To gain further insight into the role of CRF6 as a negative regulator of senescence, crf6 and CRF6-overexpressing (CRF6ox 1 ) plants were examined for phenotypic differences associated with senescence during normal development ( Fig. 2A-E ). On average, crf6 plants produced fewer leaves (10.5 ± 0.4 vs. 14.0 ± 0.4 for the WT) from the primary meristem prior to bolting ( Fig. 2C, E) , suggesting an early transition to reproductive development (although no significant change in days to bolting was observed). CRF6ox plants also displayed a more rapid transition from the vegetative to reproductive stage of growth and development as compared with the WT, but to a greater extent and with additional significant differences. The most visually obvious change in growth was that rosettes of CRF6ox plants reached a maximum diameter much sooner than WT or crf6 plants ( Fig. 2A) . This was quantified by measuring the rosette diameter at a time when the difference was most obvious, at 18 days after germination (DAG) (Fig. 2D) . The final size achieved by rosettes of all genotypes was similar (data not shown). In addition to producing fewer leaves (9.0 ± 0.1) (Fig. 2C , E), CRF6ox plants bolted in fewer days after germination than the other genotypes (20.2 ± 0.2 d vs. 24.6 ± 0.5 d for crf6 and 25.0 ± 0.4 d for the WT) (Fig. 2B) . Germination times were unchanged (data not shown), indicating that the changes in timing were associated with vegetative growth and development.
As early bolting could correspond to an early onset of monocarpic senescence, the Chl content of leaves was measured at regular intervals to determine if the timing of senescence was altered in these lines (Fig. 2F) . All genotypes had similar levels of Chl at 14 DAG. At 18 DAG, prior to bolting in any lines, leaves of WT plants had lost on average about 14% of their Chl content, which across the sample population did not constitute a significant change. At this time, crf6 and CRF6ox leaves had lost a much greater proportion of total Chl (58% for crf6 and 71% for CRF6ox, P < 0.01; Fig. 2F ), indicating that senescence had begun in these leaves. By 28 DAG (3-8 d after all genotypes had bolted) a difference in Chl content compared with the WT was no longer observed in either of the altered expression lines ( Fig. 2F) , suggesting a change specifically in the onset as opposed to the latter progression of senescence. These two senescence processes have been suggested to be under regulation of distinct mechanisms (Balazadeh et al. 2008) . Based on these findings, it appears that altered levels or spatial expression of CRF6 may cause accelerated development of the vegetative rosette, resulting in an earlier transition to reproductive growth and onset of monocarpic senescence.
CRF6 expression in source leaves decreases with age
We have previously reported that CRF6 promoter-driven GUS expression is absent in newly emerged and non-expanded leaves, but is expressed in vascular tissues, particularly the phloem in older leaves (Zwack et al. 2012 ). To better understand these changes, proCRF6::GUS expression in rosette leaves , but total Chl of leaves 5 and 6 is similar (see F, 28 DAG). (F) Average Chl content of fifth and sixth leaves at 14, 18 and 28 DAG. Lower case letters identify values as significantly different (P < 0.05 one-tailed Student's t-test) from those labeled with a different letter. Error bars in all graphs represent the standard error of the population, * indicates that the difference compared with the WT is significant, P < 0.05 (two-tailed Student's t-test).
was monitored over the later stages of leaf development. Expression of CRF6 remained limited to the vasculature of leaves throughout development (Fig. 3A) . As each leaf matured, proCRF6::GUS expression was first apparent in the vasculature at the distal end and progressively expanded proximally to the vasculature throughout the entire organ. This expansion of expression took place over the course of two to several days, occurring more rapidly in the smaller early leaves (i.e. leaves 1-4) and more slowly in larger later emerging leaves (i.e. leaf 8+). Expression was observed throughout the leaf vascular network until visible yellowing of senescence could be observed at the distal tip, at which time expression was no longer observed in this region. In the earliest emerging leaves (1-4) which reached maximum expansion well before bolting, progressive loss of proCRF6::GUS expression continued, again proceeding in a distal to proximal manner generally corresponding to visible senescence or yellowing of the leaf (data not shown). Additionally, the GUS staining which was present became weaker in all leaves as the plant aged, suggesting a decrease in expression correlated with both the age of the individual leaf and the developmental age of the whole plant. The strongest intensity of GUS staining was observed just prior to the emergence of the primary inflorescence (18-21 DAG), with a large drop in expression by 28 DAG, after which staining continued to decrease until full senescence. Importantly, later emerging leaves which were not fully expressing the GUS reporter at the time of bolting continued to gain expression in the whole vasculature, but only to the reduced level found in other leaves at the particular age of the plant.
qPCR was used to determine whether native CRF6 transcript levels in WT plants followed a similar pattern to that seen for proCRF6-driven GUS expression. The relative abundance of CRF6 transcripts in the third and fourth leaves at 21, 28 and 35 DAG was compared. These leaves were chosen because they had consistently achieved proCRF6::GUS expression throughout the vasculature by the first time point to be examined, thus ensuring that data were not skewed due to concurrent increases in area of and decreases in degree of expression. In agreement with findings from the GUS reporter analysis, CRF6 transcript levels in these leaves decreased greatly (approximately 5-fold) from 21 to 28 DAG and were further reduced by 35 DAG (Fig. 3B) .
Modulation of CRF6 expression levels in response to stress
The differential expression of CRF6 correlated to developmental age supports its role in the negative regulation of developmental senescence. A similar antagonistic role could exist in the context of premature, stress-induced senescence. Such a role is suggested by transcriptional data from numerous microarray experiments showing that CRF6 is transcriptionally induced by multiple abiotic stresses (Table 1) (Kleine et al. 2007 , Winter et al. 2007 , Usadel et al. 2008 , Mizoguchi et al. 2010 , Pecinka et al. 2010 , Inze et al. 2012 . To confirm this, we examined proCRF6::GUS under heat shock, salt and oxidative (H 2 O 2 ) stress conditions. In response to each of these stresses, GUS levels were clearly elevated over a range of tissues ( Fig. 4A-C) . A transcriptional analysis of CRF6 levels by qPCR showed a 5.22 ± 1.45-fold increase in response to treatment with 200 mM NaCl. Although the induction level of CRF6 found in this qPCR analysis was not as great as those found in the microarray experiments in Table 1 , the responsiveness of CRF6 to these stimuli is supported. Moreover, the findings from Leaf number reflects the order of emergence (i.e. leaf 3 is the oldest, leaf 7 is the newest). A dramatic decrease in GUS activity can be seen from 21 DAG (pre-bolting) to 28 DAG (post-bolting); this trend continues at 35 DAG. Note that leaf 7 at 21 DAG is not fully expanded and does not show expression throughout the vasculature, yet the level of GUS appears to be greater where it is present vs. 28 DAG. (B) qPCR expression analysis of native CRF6 transcript levels in the third and fourth leaves (pooled) of WT plants were taken at the time points indicated on the x-axis; again a large decline is observed from 21 to 28 DAG. Error bars represent the standard deviation between two biological replicates using pooled tissue from at least three plants each. Reactions were performed in triplicate. Relative transcript abundance at 21 DAG is arbitrarily set to 1. both the qPCR and GUS expression analyses support the overall trend of CRF6 induction by multiple abiotic stresses, which may imply a role in delaying induced as well as developmental senescence.
Discussion

CRF6 regulation of leaf longevity is downstream of cytokinin signaling
Since the regulation of senescence by cytokinin was first demonstrated >60 years ago (Richmond and Lang 1957) , cytokinin-delayed senescence has been observed in numerous species and under a wide variety of experimental conditions (Gan and Amasino 1996) . More recently, the model system Arabidopsis has facilitated the elucidation of some aspects of the molecular mechanisms underlying this phenomenon. Kim et al. (2006) showed that perception of cytokinin specifically by the receptor AHK3 initiates a signaling cascade involving the type-B response regulator ARR2 and that this signal is necessary for increased leaf longevity in response to cytokinin.
We have previously shown that CRF6 is among a subset of CRFs which are transcriptionally induced by cytokinin (Rashotte et al. 2006) . Given the regulation of CRF6 by cytokinin as well as its expression in the phloem of mature leaves, it was hypothesized that CRF6 may also be involved in negatively regulating senescence. In this study, we have shown that induction of CRF6 by cytokinin in leaves is greatly reduced in ahk3 mutants (Fig. 1A) , indicating that CRF6 is transcriptionally downstream of this receptor in the cytokinin signaling pathway, linked to senescence. To connect CRF6 to leaf senescence, altered CRF6 expression lines were examined in a dark-induced senescence cytokinin bioassay. We found that leaf senescence in crf6 mutants is not delayed by cytokinin to the same extent as in WT leaves, similar to the phenotype previously found for ahk3 mutants. We further showed that leaves with constitutively higher levels of CRF6 expression retain greater levels of Chl in the absence of exogenous cytokinin (Fig. 1B) . These findings suggest that elevated expression of CRF6, either from induction by cytokinin or under regulation of a constitutive promoter ( Fig. 1C; Supplementary Fig. S1 ), is sufficient partially to delay senescence in detached dark-incubated leaves and link CRF6 to senescence.
Although there are 12 CRF proteins in Arabidopsis that could have partially redundant roles, we have recently shown that CRF proteins in all flowering plants belong to five distinct phylogenetic clades, indicating that those from different clades have not shared a common ancestor since at least the evolution of the angiosperms (Zwack et al. 2012) . The maintenance of these five groups in all lineages of flowering plants suggests that each may be involved in distinct processes without a great deal of overlap in function. In Arabidopsis, CRF6 is a member of the clade III CRFs, along with one another CRF: CRF5. Despite the sequence similarity of these two proteins and their shared expression in vascular tissue, CRF5 transcript levels do not show the same correlation with senescence as CRF6 does (data not shown). Additionally, we have found using qPCR that CRF5 transcript levels were somewhat reduced (fold change = 0.5 ± 0.08) in crf6 mutants, indicating that CRF5 is not being transcriptionally up-regulated in order to compensate for the loss of CRF6. Further testing of the relationship between these two genes is difficult as the crf5,crf6 double mutant is embryo lethal (Rashotte et al. 2006 ).
CRF6 expression levels influence the transition to reproductive development
crf6 mutant and CRF6ox plants were examined throughout development to determine whether leaf senescence was also affected by altered CRF6 levels in a whole-plant context (Fig. 2) . Mutant plants produced fewer leaves prior to bolting and began to lose Chl sooner than WT plants suggesting precocious monocarpic senescence (Noodâen and Leopold 1988) (Fig. 2C , E, F), in agreement with the crf6 phenotype observed specifically in detached leaves used in the dark-induced senescence cytokinin bioassay. Interestingly, CRF6ox plants exhibited greatly accelerated vegetative growth, with both flowering and visible senescence also occurring in fewer days after germination than in the WT ( Fig. 2A-E) . The inconsistency of the effects of overexpression of CRF6 on senescence in detached leaves during dark-induced senescence (delaying) and whole plants during developmental senescence (accelerating) may result from the ectopic expression of CRF6 by the 35S viral promoter. Expression in non-vascular cells and in very young leaves or other sink tissues where CRF6 is not normally expressed could result in altered levels of downstream target genes involved in processes atypical for these cells. Given the correlation between normal CRF6 expression ( Fig. 3) and source identity, these changes could disrupt sink-source relationships, indirectly triggering premature bolting and senescence. Additionally it is known that detached leaves and those of intact plants respond differently to cytokinin with respect to senescence (Gan and Amasino 1996) . Regardless, the whole-plant phenotypes of both mutant and overexpression plants suggest that CRF6 is important in regulating processes associated with the change from vegetative to reproductive development, shown to be correlated with monocarpic senescence (Balazadeh et al. 2008) . The importance of CRF6 at this developmental stage is supported by expression patterns found corresponding in plants around this period.
CRF6 expression in leaves decreases with age
In Arabidopsis, developmentally induced monocarpic senescence of rosette leaves is correlated with the transition to reproductive growth (Levey and Wingler 2005, Balazadeh et al. 2008) . Using a combination of reporter gene and qPCR expression analyses, we have demonstrated a decrease in CRF6 expression in leaves which occurs across the whole rosette. The onset of this decrease is characterized by a strong decline around the time of bolting. Expression appears to continue decreasing in a relatively uniform manner, with complete loss at full senescence (Fig. 3A, B) . Additionally, a loss of CRF6 promoter activity was found to occur in older (earlier emerging) leaves which began to undergo sequential senescence and progressed in a distal to proximal manner, mirroring that of the progression of yellowing or visible senescence. Together these patterns of expression indicate a negative correlation between CRF6 expression and senescence, consistent with an antagonistic role in senescence. Similar developmental expression patterns have been previously shown for other genes which were implicated in the negative regulation of senescence (Besseau et al. 2012 ). Decreased expression of such genes during senescence is probably a reflection of the crucial role of leaf senescence in plant development, allowing valuable nutrients and carbon to be reallocated to actively growing organs. While high levels of expression are maintained during vegetative development to inhibit premature senescence, such inhibition during later stages of development would adversely affect the reproductive phase of growth and the overall life cycle of a plant.
CRF6 expression increases in response to environmental stress
Just as the antagonism of senescence by cytokinin may play a large role in the regulation of senescence in young leaves as part of normal development, similar negative regulation is likely to be of particular importance in the context of stress-induced senescence. For plants growing in the wild, conditions which induce senescence as an adaptive response are inherently unpredictable, and the true benefit of this response will depend on several factors, such as the developmental stage of the plant, nutrient levels or the photosynthetic capacity of individual leaves (Noodâen and Leopold 1988 , Buchanan-Wollaston et al. 2003 , Wingler and Roitsch 2008 . In some cases, these stresses are transient and the losses associated with premature senescence would not be outweighed by the benefits. A mechanism of negative regulation allows the senescence response to be fine-tuned based on the particular circumstances. The delay of senescence mediated by CRF6 may be one such mechanism, as its level of expression in leaves appears to be subject to modification in response to multiple cues.
Using a proCRF6::GUS line and qPCR, we were able to confirm the induction of CRF6 by several abiotic stresses (Fig. 4) , suggesting that CRF6 can be transcriptionally regulated in response to signals other than cytokinin. Previous studies have indicated that cytokinin levels decrease as a result of various environmental stresses (Ambler et al. 1992 , Bano et al. 1994 , Shashidhar et al. 1996 , Ghanem et al. 2008 , Nishiyama et al. 2011 , in contrast to what we find for CRF6, implying that it is regulated not only by cytokinin but also in response to numerous stresses (Rashotte et al. 2006 ; Table 1 ). In fact, hierarchical clustering analyses of microarray data indicate that among the Arabidopsis transcription factors most associated with cytokinin signaling (type-B ARRs, Clade I and Clade II CRFs), the regulation of CRF6 under stress conditions is quite distinct (Supplementary Fig. S2 ). Again, this seems to suggest that cytokinin levels are not the only factor influencing CRF6 expression and its effects on leaf senescence.
Based on this unique regulation and the presented evidence indicating a negative regulatory function for CRF6, we propose a model for the regulation of senescence by cytokinin which includes interactions with stress signals (Fig. 5) . In this model, CRF6 acts downstream of cytokinin perception by AHK3 in a pathway mediating the delay of senescence. We have included a parallel AHK3-cytokinin-regulated leaf senescence pathway as loss of CRF6 does not fully phenocopy an AHK3 loss. Such a parallel pathway may partially overlap or interact with the one involving CRF6 and could contain ARR2 which has also been shown to function downstream of AHK3 in this response, although additional work is needed to resolve this relationship (Kim et al. 2006) . The influence of stress upon cytokinin levels, CRF6 expression and in general upon leaf senescence is also indicated. The unique relationship which exists between CRF6 and both cytokinin and abiotic stress may be indicative of a specific functional role for this transcription factor in integrating stress response into the negative regulation of senescence.
Further elucidation of this pathway will require identification of the downstream targets of CRF6 specific to this regulation; however, the findings presented in this study indicate an important novel functional role for CRF6. In fact, the negative regulation of senescence by CRF6 is the first function directly linked to cytokinin which has been demonstrated for a CRF protein in any species. Moreover, CRF6 is a novel downstream component in the pathway by which AHK3 and the TCS mediate enhanced leaf longevity in response to cytokinin.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana (Col-0) sterilized seeds were germinated on Petri dishes containing 0.8% agar gel with MS salts (4.8 g l -1 ) plus 1% sucrose medium of pH 5.7. Plants were grown under 100 mmol m -2 s -1 of light with a light-dark cycle of 16 h, 22 C/ 8 h, 18 C in controlled environment chambers. For extended growth, seedlings were transferred to soil (sunshine mix #8) and grown under conditions as above, but under approximately150 mmol m -2 s -1 light.
Developmental measurements
Germination time was measured on Petri dishes as above; seeds were stratified for 48 h in dim light at 4 C. Germination was considered to have occurred when radicle emergence was visible. Plants were observed twice daily. Bolting time was measured on soil-grown plants and was considered to have occurred when inflorescences had reached 1 cm in height. For the Chl retention assay, leaves were considered to have emerged when they were visually distinguishable from the shoot apex.
Generation of transgenic plants
PromoterCRF6::GUS (proCRF6::GUS) and crf6 -2 insertional lines used were described in (Zwack et al. 2012) . To generate overexpression lines, the coding sequence of CRF6 (At3g61630) was PCR amplified using sequence-specific primers with GATE-WAY TM att-B sites. PCR products were cloned into pDONR221 entry vector (Invitrogen) and plasmids were generated using the Invitrogen GATEWAY TM system according to the manufacturer's instructions. The destination vector pEAR-LYGATE103, ordered from the Arabidopsis stock center ABRC, was used to create expression clones. The plasmid was transformed into Agrobacterium tumefaciens C58 via electroporation, and plants were transformed by agrobacteria using the floral dip method (Clough and Bent 1998) . Transgenic T 1 plants were selected based on BASTA resistance. Multiple lines (six) showed similar phenotypes in the T 3 generation from which the homozygous lines 6ox 1 and 6ox 3 were arbitrarily chosen for further analysis.
RNA isolation, cDNA synthesis and quantitative PCR RNA was isolated from pooled tissue with a Qiagen RNeasy Kit according to the manufacturer's instructions. RNA concentrations were equalized and reverse transcription was carried out using Quanta qScript cDNA supermix. The resulting cDNA samples were again normalized if necessary and were diluted prior to qPCR performed with the SYBR-Green chemistry in an Eppendorf Mastercycler ep realplex thermocycler. Reactions contained 9 ml of SYBR-Green supermix, 10.76 ml of cDNA template and 0.12 ml of 100 mM gene-specific primers: CRF6-F, GAA GTTCACAGAGAATCG; CRF6-R, CCTTGGCAGAATCTAATC; CRF5-F, ACACCGTTCGACGGTTTCCCG; CRF5-R, GCAGCCG CCGGGGACTTTTT; TUB4-F, ACCAATGAAAGTAGACGCCA; and TUB4-R, AGAGGTTGACGAGCAAGATGA. The qPCR program consisted of one cycle at 95 C, followed by 40 cycles of 15 s 95 C, 45 s 57 C and 30 s 68 C. Relative expression data are the mean of two or three biological replicates each consisting of a pool from at least three individual plants. Each reaction was performed in triplicate. Expression levels of the reference gene (b-tubulin 4) for normalization were confirmed with RT-PCR as in Zwack et al. (2012) .
Histochemical analysis
Analysis of GUS activity from tissues of various ages as well as stress treatments as noted in the text were vacuum infiltrated for 10 min with X-gluc buffer (Weigel and Glazebrook 2002) then further incubated at 37 C for 2 h (developmental assay) or a time at which differences could be observed (stress assays).
Tissue was then cleared in 70% and 95% ethanol at room temperature and examined.
Dark-induced senescence
Third and fourth leaves from 18-24 plants of each genotype were detached 10 d after emergence and weighed prior to treatment. Chl from 6-8 leaves was measured for initial content. For treatment, 6-8 leaves per genotype per treatment were individually floated adaxial side up in a single well of a 24-well microtiter plate containing either 1 mM benzyl adenine (BA) or 0.1% dimethylsulfoxide (DMSO; vehicle control) which was sealed in a dark box at room temperature for 6 d. After treatment, Chl was extracted in methanol at 4 C overnight. Chl content was measured spectrophotometrically as described by Ritchie (2006) . Chl content was normalized to fresh weight of each leaf prior to treatment.
Stress treatment
Intact rosettes of 10 or 18 DAG plants (as indicated in the figure legends) with most of the root system removed were floated and gently shaken for 6 h on water, a solution of 200 mM NaCl (for salt stress) or a solution of 20 mM H 2 O 2 (for oxidative stress). Following treatment, tissues were briefly dried to remove excess water and the remaining root tissue was removed just prior to freezing in liquid nitrogen for RNA extraction or incubation in X-gluc buffer for GUS analysis. Heat treatments were carried out on 7 DAG seedlings which remained on agar plates during treatment. Plates were moved from 22 C and floated on a 45 C water bath with dim light for 1 h, after which plants were returned to 22 C for an additional 4 h prior to incubation in X-gluc buffer.
Hierarchical clustering analysis
Clustering analyses were performed for genes, as designated, on ATH1 microarrays of all microarray experiments within the abiotic subset of the perturbations group available at Genevestigator using default settings and displayed as a Pearson correlation.
Supplementary data
Supplementary data are available at PCP online. 
